In this study, we investigated the effect of rapid/delayed changes in silver birch foliage quality induced by minor defoliation on gypsy moth fitness, immune function, and resistance of larvae against natural enemies. Insect fitness was estimated as pupal weight, the period of larval stage, and mortality rate. Larval immune status was detected as activity of phenoloxidase in plasma, total hemocyte count (THC) in hemolymph, and encapsulation rate of nylon implant inserted into larvae hemocoel. We revealed that only rapid changes after tree defoliation lead to a strong tendency of suppression in the female's fitness. Delayed changes in foliage chemistry led to a rise of encapsulation response in females. Larval parasitism by hymenoptera was decreased when larvae fed on leaves from previously defoliated trees. We propose that changes in host plant quality drive the sexspecific increase of female encapsulation rate that allows larvae better resistance against the pressure of natural enemies.
Introduction
One of the intriguing questions in insect ecology is why the density of outbreaking herbivore species begins to rise. Currently, there are several hypotheses explaining the reasons for the swift increase in the population density of insects defoliators. Such factors as strong drought [19] , which operates through the effect on the chemical composition of primary and secondary compounds in host plants; sunspot activity [26] ; and the density of nonspecialized natural enemies [15] may all be involved in the population growth of forest insect folivores. The silver birch Betula pendula Roth.-gypsy moth Lymantria dispar L. is a good model for the ecological study of trophic interactions among host plants, herbivore, and natural enemies. Gypsy moth is a widespread Eurasian and North American species of forest defoliator. Its populations are typically eruptive, and when densities reach very high levels, trees are often completely defoliated. In Western Siberia (the area of the study), the main host plant of L. dispar is the silver birch. In contrast to American populations of L. dispar (which originated in Europe), which have daily migrations from tree canopy to the litter [29] , the Siberian population of gypsy moth (belonging to the Asiatic strain) inhabit only the stems of their host plants, excepting the migrations between totally defoliated and undamaged trees. Thus, Siberian larvae/pupae of gypsy moth are almost inaccessible for the small mammals that effectively control the folivore at its low population density in North America [15] . According to our observation (V. V. Martemyanov, personal observation) as well as the data presented in this work, one of the topdown factors that controls gypsy moth population at the low level in Western Siberia is the generalist species of parasitoids. Consequently, in the latter mentioned case, the immune defense status of defoliator, which might prevent the development of parasites in a host body, will modify the herbivores-their natural enemies interaction. One of the effective barriers of host insects against endoparasitoids is the cellular encapsulation of the invader followed by melanization that was shown for lepidopteran species [4] as well as for dipteran [13] . First in cellular encapsulation, the formation of capsules requires plasmatocytes and granulocytes, the two most abundant hemocytes in lepidopteran insects. The phenoloxidases (PO) plays the role in producing reactive oxygen species, which nonspecifically destroy biopolymers [28] , and in the forming of melanin, isolating small parasites into insects' hemocoel [5, 14] .
In turn, the immune defense is dependent on the consumed food quality that may in turn depend on the constitutive [4, 21] or induced (rapid; i.e. induced within season of plant defoliation; and delayed; i.e., induced next season after plant defoliation) plant chemical defense [4, 8] .
Since chemical defense in plants may be induced even at a low level of host plant defoliation by elicitors present in the saliva of chewing insects [2, 9] , the plant-mediated immune response of insect defoliator species is important for the escaping of the insect population from the pressure by higher trophic level and for the population fluctuation of folivores. In the recent study by Kapari and co-authors [8] , it was demonstrated that delayed herbivore-induced changes in host plant chemistry following slight tree defoliation may coincide with an increased ability of autumnal moth Epirrita autumnata to encapsulate nylon monofilament. Monofilament was used in that study as an imitator of the eggs of parasitoids that invaded insects' hemocoel. They suggested that this might be due to hosts investing in exploiting defensive plant compounds for their own defense. However, ensuing studies carried out on E. autumnata [11, 12] have shown no relationship between the encapsulation response of same moth species and resistance against real parasitoids that emphasize the importance of detection of real parasitism levels in these types of studies.
Thus, using the silver birch-gypsy moth-complex of natural parasitoids model, we addressed the following particular questions. Does response of B. pendula induced within season and next year by minor defoliation effect directly on L. dispar fitness or indirectly on the potential ability to resist against natural enemies? Does herbivore innate immunity status associate with its resistance to parasites under natural biotope conditions?
Materials and methods

Insects and experimental conditions
The experiment was carried out in 2009-2011. The study site was located near Karasuk Research Station, part of the Institute of Systematics and Ecology of Animals SB RAS, Western Siberia, Russia (53°42 N and 77°45 E). We used young trees of B. penula (∼ 7 m in tall) growing in an artificially planted birch stand. According to our observation, there was not a visible level of tree defoliation by herbivore pests in the studied area during the previous four years. Annual autumnal inspection of the plantation for gypsy moth egg masses during this period showed that the density of egg masses between these years ranged from 0 to 0.05 egg masses per tree. L. dispar were collected for experimental study the previous autumn (part of an annual collection each autumn) from those areas with increase (pre-peak) phase of population cycle (birch stands in Ural, Russia) at egg stage. Egg masses were kept in a refrigerator at +4°C during the subsequent winter for use as stock for the experiments the next spring [18] .
Experimental design
Delayed induced resistance of birch
In 2009, we simulated the slight level of defoliation using gypsy moth larvae to induce, in 2010, delayed chemical response of birches. To do it, the terms of L. dispar larvae hatching were synchronized with the budding of trees. Until the second instar, larvae were reared in a laboratory in plastic hatcheries because of their high migratory activity (to prevent the escaping of insects). After the molting of insects to the second instar, we housed 60 larvae in two mesh sleeve bags (30 larvae for each bag) attached to two haphazardly chosen branches of the same tree, as was also done in mountain birch-autumnal moth study [8] . Birch trees with attached empty bags were used as a control. For this experiment, we used five treated and five control trees. The level of larvae induced defoliation in treated birches did not exceed 5%.
The next spring of 2010, we used those experimental trees to measure the effect of defoliation from the previous year on insects' parameters. One treated and one control tree were slightly damaged by low fire and were therefore excluded from the experiment. We reared three groups of larvae on the foliage of each of eight trees: the first group was assigned to measure insects' performance, the second group was assigned to estimate larval immune function, and the last to determinate the real resistance of the host against its natural enemies. All insects were reared from hatching in 5 l plastic containers, with 50 haphazardly chosen larvae per container. Each container corresponded with each of the studied groups and also corresponded with the studied tree. Thus, finally, we had 24 containers (three groups of larvae per one tree × eight trees), which contained 1200 larvae. All larvae were fed with leaves cut at petiole from corresponding birch. To maintain the foliage, turgor leaves were put into Eppendorf tubes, filled with water, and sealed with parafilm [8] . The foliage was changed every day. Both groups, to test the insects' performance and immune function, were reared under laboratory conditions (+23°±1°C at natural brightness) over a period of the experiment. The larvae of the group for the analysis of parasitism were introduced in the natural biotope after second instar molting to exposure for natural enemies (see below).
Rapid induced resistance of birch
In 2011, we simulated the same level of defoliation of other birches as described above to induce the rapid response of trees. Five haphazardly chosen birches growing in the same planting were treated by larvae to reach 5% level of defoliation. Five additional haphazardly chosen birches covered with empty mesh sleeve bags were used as control trees. All procedures, including defoliation treatment as well as the estimating of the effect of rapid response of birch on gypsy moth, were conducted in same way as described in the previous paragraph.
Gypsy moth's fitness
We measured the larval development time, pupae weight, and the likelihood of reaching the adult stage. Larval development time is presented as an average duration of the Ecological Parasitology and Immunology 3 larva stage from hatching to pupal molt [18] . The molting of larvae into pupae was checked in containers daily and newly molting pupae were weighed on the same day and kept separately until they became adults [18] . The sex of each insect was recorded using the morphology of emerged adults, particularly the structure of the antennae. Insect viability is presented as the percentage of mortality from eggs to adult stage.
Gypsy moth's immune traits
To estimate the immune traits, we used fourth instar larvae from the group assigned to measure the immune activity. We measured the encapsulation rate in their hemolymph, phenoloxidase activity in plasma and counted their total hemocyte count (THC) in hemolymph. To collect hemolymph the caterpillars were pierced with a thin needle. About 25-30 µL of hemolymph from each larva was collected and then placed into two cooled Eppendorf tubes. One part (4.5 µL) was mixed with 20 µL of cooled anticoagulant with phenylthiourea to study THC. THC was immediately counted in a hemocytometer and is presented as the number of hemocytes per 1 mL of hemolymph. The other aliquot of hemolymph was placed into a centrifuge at 500 g at +4°C for 10 min, and then supernatant was used to estimate PO activity and protein concentration. PO activity was measured using L-dopa as a substrate. Ten microliters of supernatant was mixed with 500 µL of L-dopa in phosphate buffer, pH 7.2 (concentration 2 mg/mL solution). After incubation for 90 min at 28°C, PO activity was measured at 490 nm with the plate reader (Multiscan Ascent, Thermo). Plasma protein concentration was measured by using the method described by Bradford, using the standard curve created from a bovine serum albumin standard. Phenoloxidase activity was measured in units of transmission density (DA) of the incubation mixture during the reaction per 1 min and 1 mg of protein. The strength of encapsulation response was quantified by measuring the degree of melanization of a nylon monofilament implant that was inserted into the hemocoel of studied animals. This is a commonly used technique to measure the encapsulating activity in insects, which reflect the resistance of host to real pathogens [22] and enabling the estimation of the rate of darkness capsule of mimicked invader. To measure the encapsulation response, we used the same insects immediately after hemolymph collection. A piece of nylon monofilament (2 mm long) was inserted into the caterpillar's body cavity under penultimate proleg through the hole made for hemolymph collection. After 3 hours, the nylon implant was carefully removed and then photographed from three different angles using a digital camera. The degree of the melanization was quantified using Image Pro software by first measuring the coloration-gray value (g.v.) of all areas on each implant-and then comparing these values with that of an unused implant. Individuals of all larvae used in immunological analysis were then kept separately until pupating to identify the sex of each individual. Birch leaves were changed every other day.
2.5. Resistance of gypsy moth's larvae against natural enemies
We used host exposure technique to measure the level of parasitism in the natural habitat of gypsy moths under their low population density. After second-instar molting, we replaced the larvae from common 5 L containers (described above) to corresponding open-top containers of the same value. The construction of a new hatchery assigned designed for the exposure of larvae allowed free access for parasitoids and prevented the escaping of the host larvae (the border of the top was covered by a layer of vaseline). These containers were moved to the field and attached to the stems of birches approximately 4 meters above-ground level (i.e., in the middle of canopy). As described in the first paragraph of this section, the density of wild living grazing insects including L. dispar, which are the wild host for natural enemies like flies and wasp, was at a low level. We chose the trees deferred from the experimental ones in the same planting to exclude the probability of indirect attraction of parasitoids by volatiles emitted by damaged trees (i.e. [3] ). Leaves of birch inside the containers were changed every day between 8:00 a.m. and 9:00 a.m. to avoid the scaring of parasitic insects, most of which are active during the daytime. Together with the changing of leaves, we also checked for the presence of parasitic cocoons/dead gypsy moth larvae. If we found these, we isolated them, marked them, and kept them in a laboratory in a separate plastic container (with value 250 mL) before the emerging of parasitoid adults from cocoons/pupating of parasites in puparium. Survivor host insects were exposed in field before all of them pupated or prepupated. The level of parasitism is presented as a percentage of parasitized/eaten insects during larval stage.
Statistical analysis
The effects of treatment on the pupal weights, development time, and immune parameters were tested with mixed effect model analysis (SPSS 19.0 for Windows, Chicago, IL, USA) [18] with the following model: treatment, sex, and their interaction were set as fixed factors for pupal weight, larval development time, PO activity, THC, and encapsulation rate. The host tree was used in the models as a subject, which means that tree*sex and tree*treatment interactions were handled as random factors. The tree interaction with treatment, as well as its interaction with sex, were redundant items and were omitted from the final model in the case of THC measured from larva fed on previously defoliated trees. To study the effects of treatment and sex in more detail, pairwise contrasts were tested with the LSD method. The distributions of PO activity and THC data were not normal, so prior to analysis, we log 10-transformed the data for both of these measurements as guided by the Kolmogorov-Smirnov procedure. The significance of the data on insect mortality rate was analyzed by one-way ANOVA. Prior to analysis, all data in percentages were arcsine of square root-transformed.
Results
Gypsy moth fitness
Feeding of gypsy moth larvae on leaves of trees slightly defoliated in previous year did not affect the weight of pupae (F 1,6 = 0.283, P = 0.614, Figure 1(b) ), larval development time (F 1,6 = 0.083, P = 0.784, Figure 2 (b)), and mortality rate during rearing in the laboratory (Figure 3(b) ). Sex effect was significant on both weight of pupae and duration of larval stage (F 1,6 = 554.401, P < 0.001; F 1,336 = 155, P < 0.001 correspondingly), but there was no interaction between sex and tree defoliation for studied parameters (F 1,6 = 0.124, P = 0.737 for pupae weight; F 1,336 = 0.683, P = 0.409 for duration of larvae stage) (Figures 1(b) and 2(b)). Within-season defoliation of birches by caterpillars did not affect pupae weight (F 1,7 = 1.608, P = 0.243, Figure 1 (a)), development of larval stage (F 1,9 = 0.619, P = 0.452, Figure 2 (a)), and mortality rate (Figure 3(a) ) as well. Sex, in the case of same-season defoliation effect on the life history parameters of the gypsy moth, remained similar to how it was in the previous year's defoliation (F 1,8 = 631.852, P < 0.001 for weight of pupae, Figure  1 (a); F 1,7 = 187.842, P < 0.001 for duration of larvae stage, Figure 2(a) ). In terms of L. dispar biology, these sorts of results are the most common. In the case of withinseason defoliation, there was no interaction between sex and defoliation for pupae weight (F 1,8 = 1.871, P = 0.209), but there was strong tendency of interaction between same factors for duration of larvae stage (F 1,7 = 5.215, 0.058). The comparison of contrasts reveals a strong trend of sexspecific effect of within-season defoliation on life history parameters of females (F 1,15 = 3.385, P = 0.086 for weight of pupae, F 1,15 = 3.703, P = 0.073 for duration of larvae stage, Figures 1(a) and 2(a) correspondingly).
Gypsy moth immune traits
Mixed analysis results showed the significant effect of sex of larvae on PO activity in the case of within-season defoliation but not in the case of previous-year defoliation (Table 1) . Sex, as well as its interaction with defoliation treatment, significantly affects the encapsulation rate of larvae fed on the leaves of previously defoliated trees (Table 1) . Pairwise comparison reveals the significant increase of female encapsulation response when larvae were reared on leaves of trees defoliated in the previous year ( . Only single cases of predation by invertebrates occurred: Calosoma sycophanta L., Calosoma denticolle Gebler (Coleoptera, Carabidae), unidentified species of Rhaphidioptera. The data of mortality rate were separated as mortality caused by Hymenopteran, Dipteran, predators, and unidentified causes (Figures 4(a) and 2(b) ). Rapid induced response of silver birch to its defoliation by larvae does not affect both the level of parasitism/predation and total mortality rate under environmental conditions (Figure 3(a) ). This year, we did not observe the cases of larval parasitism by hymenopteran. However, the delayed induced response of birches after the previous year's defoliation had an effect on mortality rate caused by Hymenopterans (F 1,6 = 7.0245, P = 0.038). In particular, the mortality of larvae caused by M. pulchricornis was decreased when larva fed on leaves of treated trees (Figure 3(b) ).
Discussion
We have found that only rapid changes in leaf quality of silver birch caused by minor defoliation leads to trend of negative sex-specific effects on female's pupae weight and on female's larval development time. Neither delayed nor rapid responses of trees had an effect on same male's parameters. These data in general concur with results presented in work by Kapari and co-authors [8] who show the effect of only rapid changes in mounting birch on larval growth rates of Epirrita autumnata. According to the small values of differences between compared life history parameters (Figures 1(a) and 2(a) ) of L. dispar as well as to data of mortality rate at rearing under laboratory conditions (Figure 3(a) ), the strength of directly induced defense of trees is very weak. This might be explained by a positive correlation between the level of plant damage and the level of inducing of plant defense [16] . It seems that silver birch does not invest a lot of resources in the inducing of chemical defenses under a low level of defoliation by chewing insects. Sex-specific effect of rapid response of trees might be explained by different physiology of digestion between male and female individuals. More specifically, adult males of gypsy moth are better fliers than females, and they need to accumulate more energy reserves as larvae before the pupation. Females, however, need to accumulate more protein to produce eggs (see [30] ). Possibly, the availability of proteins in the diet of insects is reduced due to the change in the profile of phenolic compounds in the leaves of defoliated birches that can bind the protein in the gut of larvae feeding on defoliated trees [6] . As a result of this, the females might be more susceptible than males to the response of trees induced by defoliation. The same result was shown in our previous work when we studied the effect of severe defoliation of silver birch on gypsy moth performance [17] . Interestingly, we have obtained the sex-specific effect of delayed birch response on encapsulation rate and THC of fourth instar larvae of L. dispar after tree defoliation. The differences in immune parameters between sexes of invertebrate had been demonstrated in many studies [20, 25] . However, according to our knowledge, the inducing of different immune response in males/females mediated by host plant quality (delayed chemical defense in plant) presented in our study was shown for the first time. We suppose that differences in encapsulation response and THC between male and female under defoliation treatment (Figure 4(b) ) can be the result of plant-induced hormonal-dependent sexual dimorphism in immune function. It is well known that herbivory induces the chemical response in the host plants foliage, resulting in the change of the profile of secondary metabolites (see [9] ). Some of them, such as fatty acids that have content that are dependent on the presence/absence wounding of leaves [32] , can be a precursor of hormones synthesizing in insects [1, 27] . It has been shown that the hormones mediate insects' immunity [7, 10, 31] , and they might provide sex-specific modulation on the immune function of males/females that had been shown on other species [23, 24] .
The same result (the increase of encapsulation rate in hemolymph of larvae fed by foliage from previously defoliated trees) has been demonstrated by Kapari et al. [8] on E. autumnata-Betula pubescens model without dividing on the sexes. However, the following study on the same model has not found the relationship between this immunological criterion measured on pupae stage and real parasitism at pupae stage under environmental conditions [12] . Conversely, our study shows that the modulation of resource condition leads to a decrease of hymenopteran parasitism as well as the total mortality rate of the host (Figure 3(b) ). This reduction is possibly associated with an increase of female encapsulation response (Figure 4(b) ), which is one of the main defense reactions against hymenopteran parasites [5] .
Thus, our experiment provides the evidence that delayed induced changes in plant quality induced by minor defoliation, which is not enough to effect herbivore fitness, triggers some changes in larvae immune function that might be associated with higher survival under environmental conditions (Figures 3(b) and 4(b) ). Since the plant mediated effect was sex-specific, we suppose that the larvae of females get some benefits in survival rate under parasite pressure through tritrophic interaction; i.e., possibly, there is the driving of sex-specific selection operating through parasites. In turn, this might lead to an increase in the proportion of females in the gypsy moth population that will trigger the quick population rise during favorable environmental conditions. Demonstrated effects do not claim to be the main ones in the driving of gypsy moth population rise but they highlight the involvement of host plant mediated sexspecific phenotypical plasticity in larval immune function in the population dynamics of forest defoliators.
